Zebrafish have the remarkable capacity to regenerate retinal neurons following a variety of damage paradigms. Following initial tissue insult and a period of cell death, a proliferative phase ensues that generates neuronal progenitors, which ultimately regenerate damaged neurons. Recent work has revealed that Müller glia are the source of regenerated neurons in zebrafish. However, the roles of another important class of glia present in the retina, microglia, during this regenerative phase remain elusive. Here, we examine retinal tissue and perform QuantSeq. 3′mRNA sequencing/transcriptome analysis to reveal localization and putative functions, respectively, of mpeg1 expressing cells (microglia/ macrophages) during Müller glia-mediated regeneration, corresponding to a time of progenitor proliferation and production of new neurons. Our results indicate that in this regenerative state, mpeg1-expressing cells are located in regions containing regenerative Müller glia and are likely engaged in active vesicle trafficking. Further, mpeg1+ cells congregate at and around the optic nerve head. Our transcriptome analysis reveals several novel genes not previously described in microglia. This dataset represents the first report, to our knowledge, to use RNA sequencing to probe the microglial transcriptome in such context, and therefore provides a resource towards understanding microglia/ macrophage function during successful retinal (and central nervous tissue) regeneration.
neuronal regeneration 31 and zebrafish reportedly display transient characteristics of gliosis 32, 33 . Further, immune cell-MG crosstalk may shape MG reaction to retinal injury [34] [35] [36] , and possibly have effects on MG-mediated retinal regeneration 37 . Interestingly, a relatively recent study performed RNA sequencing of zebrafish MG-associated transcripts at early timepoints following light damage and found enrichment of genes categorized within cytokine signaling and immunity 25 . Recent reports have demonstrated FACS-based isolation of microglia and macrophage populations from other cell types in dissociated zebrafish CNS tissue for downstream RNA sequencing 12, [38] [39] [40] . This has facilitated our understanding of the characteristics of zebrafish CNS microglia. However, such an analysis of microglia isolated from tissue engaged in a regenerative response in the CNS is necessary to better inform our understanding of microglia/macrophage contribution to CNS health and disease.
In zebrafish, a characteristic sequence of events follows retinal tissue injury. Upon death of retinal neurons, phagocytic cells (including microglia/macrophages and Müller glia) engulf debris arising from tissue insult 31, 41, 42 . A proliferative phase next ensues in which Müller glia re-enter the cell cycle and generate proliferative neuronal progenitors 16, 18, 19, 21, 31, [43] [44] [45] . These progenitors then exit the cell cycle and differentiate to neurons resulting in regeneration of lost neuronal cell types 18, 19, 43, 46, 47 , and recovery of retinal tissue function 21, 43, 48 .
We previously reported that microglia and extra-retinally derived macrophages initially mount a robust response to widespread neuronal death induced by the neurotoxin ouabain 31 . This initial response is followed by a transition to MG proliferation 18, 31 . Here, we investigate microglia/macrophage presence and characteristics during the subsequent phase involving MG-derived retinal regeneration. It is at this stage that zebrafish display a regenerative outcome, whereas mammals instead enter a phase corresponding to a gliotic response. Since microglia, and often other immune cells, participate in this gliotic response in mammals, we sought to reveal microglia/ macrophage characteristics during active MG-mediated retinal regeneration in zebrafish. To this end, we examined localization of immune cells in regenerative retinal tissue and sequenced their mRNA transcriptome in this context. We find that immune cells present in regenerating tissue identify as microglia/macrophages based on expression of mpeg1-driven GFP 13, 49 and that microglia/macrophages in regenerating tissue show altered spatial distribution with congregations of microglia/macrophages localized to the optic nerve head and surrounding regions. To reveal the gene expression program of microglia/macrophages in such a context, we performed QuantSeq. 3′mRNA transcriptome analysis of mpeg1:GFP+ cells isolated from regenerating retinas and identified several novel genes not previously described in microglia, as well as a list of transcripts associated with mpeg1-expressing cells during retinal regeneration. We generated a list of candidate "regeneration-associated" transcripts, which showed enrichment of Gene Ontology categories suggesting increased vesicle trafficking within mpeg1 expressing cells during retinal regeneration. This transcriptome data set provides a wealth of interesting and novel genes to be considered for follow-up studies towards identifying microglia/macrophage function during zebrafish retinal regeneration.
Results

Features of immune cells and Müller glia in regenerating retinal tissue. Recent studies have begun
to reveal characteristics of microglia, including observations of their identity and features in retinal tissues, during MG reactivity and resulting retinal regeneration in zebrafish following neuronal damage 31, 37 . To build on this foundation, we visualized localization and characteristics of immune cells (including microglia) in retinal tissue undergoing active regeneration following a tissue-disrupting lesion. We analyzed cryosections at seven days following intravitreal injection of a final concentration 2 μM of ouabain (7 dpi) . This lesioning strategy has been shown to destroy inner retinal neurons, but to spare photoreceptors and MG 18, 21, 31, 48 . The 7 dpi timepoint follows the initial response to tissue injury (which peaks approximately 1-2 dpi 18, 31 ) as well as the shift to the proliferative phase in which MG have re-entered the cell cycle (approximately 3 dpi). By 5 dpi, neuronal progenitors are detected 18 and by 7 dpi, MG-derived progenitors begin to enter the regenerative phase 18, 19 as evidenced by detection of ganglion cell markers 18, 21 , as well as markers of ganglion cell axon outgrowth 18 .
To visualize microglial, and any other immune cell, features in this regenerative state, we used an antibody to L-plastin, which marks all immune cells including microglia 31, 50, 51 , and an antibody to glutamine synthetase (GS) to label MG. We observed that L-plastin+ cells were present within regenerating retinal tissue containing reactive GS-labeled MG within regions of the inner retina corresponding to the location of the initial retinal lesion ( Fig. 1B,B' ,B"). At 7 dpi, L-plastin+ cells appeared predominantly localized to this damage-specific region within the inner retina ( Fig. 1B) . Müller glia displayed hypertrophy ( Fig. 1B,B' ,B", compared to Fig. 1A ,A'), consistent with previous observations following a variety of damage paradigms 18, 21, 32 .
L-plastin+ cells in regenerating retinas were irregularly distributed throughout the retinal tissue ( Fig. 1B,D) , rather than showing a more evenly spaced distribution as in control retinas ( Fig. 1A ,C), and in contrast to that seen in acutely damaged ouabain injected retinas 31 . L-plastin+ cells within the regenerating retina appeared to predominantly localize to the basal portions of the regenerating inner retina, while only rarely seen to be localized to apical regions corresponding to Müller glia-derived neuronal progenitor proliferation 19, 52 (Figs 1-3 ). The L-plastin+ cells were not ramified and instead were irregular in shape ( Figs 1B,B' ,B" and 2D-F).
We also observe that L-plastin+ cells appeared most densely present in regions corresponding to, and surrounding, the optic nerve head (onh, Fig. 1B ,D) in regenerating retinas, and density of L-plastin+ cells was reduced in a gradient as a function of distance from the onh ( Fig. 1A-D) . Further, many L-plastin+ cells were visible in tissues apical to the retina and were directionally (radially) oriented towards retinal tissue ( Fig. 1B' ,B ", arrows). It is possible that these apically positioned L-plastin+ cells may represent RPE-associated microglia that migrate into the regenerating retina, or possibly extra-retinally derived immune cells that continue to infiltrate the retina beyond the previously documented timepoint of 3 dpi 31 . L-plastin+ cells within retinal tissue at 7 dpi ouabain or saline co-labeled with the macrophage-specific mpeg1-driven GFP transgene ( Fig. 2) , therefore indicating that these immune cells consist of microglia 13 and possibly other infiltrating macrophages.
Since 7 dpi corresponds to near-peak numbers of cells expressing PCNA 18 , we stained and imaged cryosections of regenerating retina to visualize PCNA in combination with L-plastin and GS ( Fig. 3 ) to determine if any L-plastin+ cells express PCNA. PCNA signal was not detected in tissue at 7 dpi following saline injection ( Fig. 3A,B ). As previously reported 18 , PCNA signal was detected throughout the inner retina at 7 dpi following ouabain injection, often found in clusters, and nuclei with PCNA signal adopted an elongated shape ( Fig. 3C-F ). We observe that most of the nuclei containing PCNA at 7 dpi ouabain were associated with GS-labeled cytoplasmic signal (Fig. 3D ). Occasionally, PCNA signal was associated with L-plastin+ cytoplasm, but this often overlapped with GS signal ( Fig. 3D -F, arrows), making it difficult to attribute proliferation to MG (GS+) versus L-plastin+ cells. Collectively, this indicates that PCNA expression at this timepoint primarily represents reactive MG and MG-derived progenitors.
Transcriptome analysis of mpeg1:GFp+ cells during retinal regeneration.
Since functions of immune cells, including microglia, in the context of successful retinal (or CNS) regeneration are not well understood, and to build on previous gene expression studies during zebrafish retinal regeneration 22, 23, 25 , we sought to identify the microglia (and macrophage)-specific transcriptome corresponding to an environment of successful regeneration, to gain insight into those possible functions. As described above, L-plastin+ cells localized within retinal tissue obtained from mpeg1:GFP transgenic zebrafish at 7 dpi co-labeled with mpeg1-driven GFP (Fig. 2 ). Mpeg1-driven GFP expression allowed us the opportunity to use GFP signal as a basis to isolate GFP+ microglia/ macrophages 13, 49 from other retinal cell types (GFP−) during active retinal regeneration, followed by QuantSeq. 3′-mRNA sequencing, to reveal their respective transcriptomes ( Fig. 4 ).
We used Fluorescence Activated Cell Sorting (FACS) to isolate highly pure populations of GFP+ and GFP− cells from dissociated cell suspensions from mpeg1:GFP transgenic retinas at 7 days post ouabain lesion followed by RNA isolation 38 and (Fig. 4 ). The results of this dissociation, cell sorting, confirmation of purity, and RNA quality were reported in 38 . To identify the mRNA transcripts present in mpeg1:GFP+ cells compared to GFP− cells during zebrafish retinal regeneration, we performed QuantSeq. 3′-mRNA sequencing of RNA isolated from the sorted GFP+ and GFP− cells. Sequencing of GFP− cells was also included in this experiment in order to compare transcript expression in non-microglial/macrophage populations at this timepoint. Comparison of transcripts between such populations is useful because very little is known about the zebrafish microglia/macrophage transcriptome, and such insight will increase our understanding of these cell types in the zebrafish model organism. Using criteria of moderated log2FC > |2| and FDR < 0.01, we identified 2779 differentially expressed genes, with 970 of these significantly enriched in GFP+ cells ( Fig. 4B , Table 1 and Supplementary File S2) and 1809 of these significantly enriched in GFP− cells ( Fig. 4B , Table 2 and Supplementary File S2). Principal Component Analysis showed that the sorted GFP+ and GFP− populations formed two highly distinct clusters, indicating that these populations contain distinct transcripts representing different gene expression programs (Supplemental Fig. S1 ). A heat map was generated based on rlog transformed values of differentially expressed genes with p < 0.1 to broadly illustrate differential expression of transcripts relative to each population ( Fig. 4C ). This heat map reveals a minor cluster of genes with similar expression levels between GFP+ and GFP− populations, as well as clusters of genes with relatively different expression levels, and reveals only slight variation among samples within groups.
To confirm the output of this design, we probed our data set for selected transcripts in GFP+ and GFP− populations that represent microglia/macrophages and other retinal cell types, respectively. Transcripts pertaining to genes expressed by the monocyte (spi1a, csf1ra, csf1rb [53] [54] [55] ) and macrophage lineages (mhc2dab, marco, and mfap4 56, 57 ), and transcripts expressed by microglia (p2ry12, sall3a, slc7a7 [58] [59] [60] [61] [62] [63] ), were significantly enriched in GFP+ samples based on Differential Expression and raw counts ( Fig. 4E , Table 1 , and Supplementary File S1). Importantly, GFP+ populations were enriched for the macrophage/microglia-specific gene mpeg1.1 as well as egfp transcripts, which formed the basis of our FACS sorting ( Fig. 4E and Table 1 ). On the other hand, genes expressed by photoreceptors, including those involved in photoreceptor identity and function (e.g. crx, opn1lw2, arr3a, rcvrn2, gngt2a, syt5a [64] [65] [66] [67] [68] [69] [70] ), were highly enriched in the GFP− population and only minimally detected in the GFP+ population ( Fig. 4D , Table 3 , and Supplementary File S1), consistent with previous reports that photoreceptors survive the inner retina-selective ouabain lesion 18, 21, 31, 48 . Genes expressed by neuronal progenitors (e.g. www.nature.com/scientificreports www.nature.com/scientificreports/ vsx2, neurod1, neurod4, and pax6a 33 ) were also highly enriched in the GFP− population ( Fig. 4D , Table 2 , and Supplementary File S2), consistent with engagement of a regenerative state. Müller glia-associated gfap expression was also significantly enriched in GFP− cells, as well as other genes upregulated in Müller glia during zebrafish retinal regeneration (such as mdka and ascl1a 71-74 ) ( Fig. 4D , Table 2 , Supplementary File S2). In addition, several members of the Notch family (e.g. notch1b, notch3, jag1b, dla) were enriched in GFP− populations, consistent with a role for Notch signaling in regeneration of retinal neurons in zebrafish [75] [76] [77] (Table 2 , Supplementary File S2).
Several selected transcripts identified in the RNA-seq experiment as differentially expressed in GFP+ microglia/macrophages were confirmed by qPCR analysis of GFP+ and GFP− populations sorted from mpeg1:GFP+ retinas at 7 dpi in a separate experiment (Tables 3 and 4 ). Transcripts associated with leukocytes and macrophages (lcp1 and mpeg1.1, respectively 49, 50 , previously reported to be selectively amplified in the GFP+ sorted population subject to RNA-seq 38 ) and microglia (p2ry12 62 ) were confirmed to be enriched in GFP+ populations compared to GFP− populations ( Table 3 ). We also confirmed that several complement factors identified in the RNA-seq (c1qa, c1qb, cfp, and the complement receptor subunit itgb2) were selectively amplified from GFP+ populations ( Table 3 ). In addition, as indicated by the RNA-seq experiment, we also found apoc1, il1b, and lgals3bpb to be enriched in mpeg1:GFP+ cells compared to GFP− cells by qPCR (Table 3) .
Further consistent with our RNA-seq experiment, transcripts associated with photoreceptors (crx, opn1lw2) were confirmed to be enriched in GFP− populations using qPCR (Table 4) , consistent with the survival of photoreceptors in this damage system 18, 21, 31, 48 . Transcripts expressed by Müller glia and Müller glia-derived progenitors during retinal regeneration (gfap, pax6a, ascl1a 20,74 ) were confirmed as enriched in the GFP− population by qPCR analysis (Table 5 ). Several other transcripts (mef2ca, ncam1b, sept8b, pdca, prom1b) found to be enriched in GFP− compared to GFP+ cells in the RNA-seq experiment showed a similar result when analyzed by qPCR (Table 4) .
We performed Gene Ontology (GO) and Kegg Pathway analyses of transcripts enriched in the GFP+ population for genes with log2FC > 0 and FDR < 0.1 (Supplementary File S3). Biological Processes overrepresented in GFP+ populations (all reported here with p < 0.01) include categories that are consistent with a microglia/ macrophage identity (for example, (innate) immune response, antigen processing and presentation, microglia differentiation, phagocytosis, and respiratory burst). Interestingly, Biological Process categories overrepresented www.nature.com/scientificreports www.nature.com/scientificreports/ in GFP+ cells also include wound healing and categories representing cellular motility and mobility (for example, Arp2/3 complex-mediated actin nucleation, macrophage chemotaxis, regulation of cell migration, positive regulation of actin filament polymerization). Cellular Component categories reflect the intracellular compartments required for microglia and macrophage-mediated digestion of engulfed material (for example, vacuole, vacuolar membrane, lysosome, lysosomal membrane, endocytic vesicle, early endosome, late endosome membrane, autophagosome, vesicle, V-type ATPAse categories) and the location of many innate immune receptors involved in initiating immune responses (for example, cytoplasm, NLRP3 inflammasome complex, AIM2 inflammasome complex, extrinsic component of (cytoplasmic side of plasma) membrane). Molecular Function categories reflect the myriad of enzymes involved in degradation of engulfed material in various cellular compartments (for example, hydrolase activity, alpha-mannosidase activity, ribonuclease T2 activity, catalytic activity acting on a protein, epoxide hydrolase activity), and chemokine activity. Kegg pathway analysis again reflected phagocytosis www.nature.com/scientificreports www.nature.com/scientificreports/ and digestion of engulfed material (for example, lysosome, phagosome, endocytosis), several innate immune receptors (for example, NOD-like receptor signaling pathway, Toll-like receptor signaling pathway, RIG-I-like receptor signaling pathway), and cytokine signaling (Cytokine-cytokine receptor interaction). In addition, Kegg analysis reveals enrichment in MAPK signaling pathway and Metabolic pathways. www.nature.com/scientificreports www.nature.com/scientificreports/ Identification of candidate regeneration-associated transcripts in mpeg1:GFp+ cells. One goal of our transcriptome analysis was to reveal transcriptional programs in microglia/macrophages that may be key to successful retinal regeneration. Since we were unable to sort GFP+ cells from undamaged (including saline injected) retinas due to the inability to collect sufficient numbers of GFP+ cells from the cell sorter 38 , we qualitatively compared our list of transcripts enriched in GFP+ retinal cells (by at least log2FC > 2) during regeneration to transcripts identified by Oosterhof et al. to be enriched in steady-state zebrafish brain microglia (also by at least log2FC > 2) using the same mpeg1:GFP transgenic zebrafish and GFP−based sorting strategy 12 . This comparison was used to generate a collection of candidate genes with putatively enriched expression by microglia/ macrophages in a regenerative environment. We used Ensembl IDs as a proxy to determine GFP+ enriched transcripts (with log2FC > 2) in both this study and that reported by Oosterhof et al., only found to be enriched in mpeg1:GFP+ cells obtained from undamaged brains ("steady-state brain microglia" 12 ), or only found to be enriched in mpeg1:GFP+ obtained from regenerating retinas (this study).
We found that 562 of our identified transcripts meeting this cut-off criteria were shared with steady-state brain microglia ( Fig. 5A and Supplementary File S4) , and Gene Ontology analysis placed the majority of these shared transcripts into categories representing known immune cell functions in pathogen response and phagocytic machinery (not shown) representative of core, signature genes associated with microglia and macrophages. These shared transcripts include several genes previously described in microglia (e.g. slc7a7, p2ry12, irf8 62, 63, 78 ), as well as classes of genes such as granulins (e.g. grna, grn1), complement components (e.g. c1qa, c1qb, c1qc), cytokines (e.g. il1b, tnfb), and members of the TNF superfamily (e.g. tnfsf12, tnfaip8l2b, tradd). In addition, several novel transcripts identified by Oosterhof et al. in zebrafish brain microglia 12 were also common with our list of transcripts enriched in microglia/macrophages during retinal regeneration (e. g. tmem104, rgs18, slc43a3b, plaua) .
In terms of transcripts found to be enriched with (cut-off of log2FC > 2) in microglia/macrophages in steady state 12 versus those found to be enriched in regenerative contexts (this study), our comparison revealed 1851 transcripts unique to mpeg1:GFP+ cells in the resting brain and 409 transcripts unique to mpeg1:GFP+ cells in regenerating retinas ( Fig. 1A and Supplementary File S4, the latter now referred to as "regeneration-associated" transcripts), consistent with a significant shift in the transcriptional program of mpeg1 expressing cells in the context of active neuronal regeneration. The reduced number of "regeneration-associated" transcripts compared to those from steady state brain could indicate a transcriptional program that is dedicated, at least transiently, to specialized functions in this unique biological context. In support of this idea, transcripts corresponding to toll-like receptor (tlr) genes, which comprise a core set of genes involved in detection and initiation of immune response to microbes 79 , showed differential presence in steady-state mpeg1-expressing cells (17 tlr transcripts) compared to regeneration-associated transcripts (no tlr transcripts), with only one tlr transcript common between the two states (tlr1, Supplementary File S4) . This could indicate a shift in dedication of microglia/macrophage function away from immune surveillance and towards other function(s) more appropriate for and dedicated to retinal regeneration at this timepoint. Interestingly, in contrast, upregulation of tlr gene expression is characteristic of microglia (and other glia) in several human neurodegenerative diseases 9 .
To suggest alternative functions of microglia/macrophages during retinal regeneration compared to those in "steady-state" tissue, we performed GO analysis on the list of "regeneration-associated" transcripts, which revealed overrepresentation of categories including ATP hydrolysis coupled transport and protein transport (Biological Process, Molecular Funciton), categories related to GTPase activity and reglation (Molecular Function) and vacuolar V-type ATPase complex and endosome (Cellular Component) ( Fig. 5B and Supplementary File S5). Together, these categories indicate that microglia/macrophages may be engaged in functions dedicated to active intracellular vesicle transport/fusion (perhaps both endocytic and exocytic) and vacuolar acidification of membrane bound compartments within the cell during retinal regeneration. Collectively, this suggests a phagocytic and/or exocytic function of microglia/macrophages during retinal regeneration. It is possible that neuronal debris from the initial insult remain at this timepoint; however, the 7dpi sampling time is several days later than the peak of neuronal cell death seen at ~1 dpi 18, 31 , and axon outgrowth from regenerating ganglion cells is detectable by 7 dpi 18 . Therefore, such a function may instead be involved with maintaining proper tissue conditions and integrity, and/or possibly release of secreted factors, although putative targets of phagocytosis and identity of such secreted factors remains an open-ended question.
Further comparisons of our list of GFP+ enriched transcripts during retinal regeneration to transcripts found by Oosterhof et al. to be upregulated, or downregulated, in mpeg1:GFP+ cells upon acute brain damage (again with log2FC > 2) revealed only 10, or 2, shared transcripts, respectively (Fig. 5C,D and Supplementary File S6 ). This suggests that mpeg1 expressing cells present during active retinal regeneration possess a transcriptome that is substantially different than that of mpeg1+ cells responding to acute neuronal damage. This also further supports that the list of candidate "regeneration-associated" transcripts identified from the comparison to steady-state brain mpeg1:GFP+ cells (discussed above) represents a transcriptional program expressed by microglia/macrophages in a regenerative tissue state.
Discussion
Our analysis of regenerating retinal tissue following a tissue disrupting ouabain induced lesion (sparing photoreceptors) reveals that the inner nuclear layer of regenerating retinas contains mpeg1-expressing GFP+ immune cells, indicating that these cells identify as microglia/macrophages. These mpeg1+ cells appear ameboid in morphologies that often conform to the network of reactive Müller glia. Rather than showing regular distribution throughout retinal tissue, mpeg1+ cells are irregularly dispersed and mainly localize to basal regions of regenerating retinal tissues, possibly excluded from regions of MG-derived neuronal progenitor proliferation that occurs when MG-derived progenitors migrate apically towards the outer nuclear layer 19, 52, 80 . This distribution indicates that localization of mpeg1+ cells within regenerating retinal tissue could be spatially regulated. From our analysis www.nature.com/scientificreports www.nature.com/scientificreports/ of cells expressing PCNA in regenerating retinal tissue at 7 dpi ouabain lesion, most of the PCNA signal can be attributed to reactive MG and MG-derived progenitors, indicating that most cell proliferation at this timepoint is to ultimately regenerate retinal neurons that were destroyed by the lesion. Based on PCNA staining alone, we www.nature.com/scientificreports www.nature.com/scientificreports/ cannot exclude that at least some mpeg1+ cells are also proliferative, since PCNA signal was occasionally associated with both L-plastin and GS. Differentially expressed genes (based on our cut-off criteria) did not show enrichment in GO categories associated with cell division for mpeg1+ cells; however, the GFP− population contains proliferative MG and progenitors, therefore differential gene expression analysis would not reveal such transcripts.
In regenerating retinas, the density of immune cells is reduced with distance from the optic nerve head. The reason for this spatial distribution remains unknown. Interestingly, a recent report documented repopulation of homeostatic microglia in a mouse model system revealing a pattern of microglial repopulation that started in central retina and then spread peripherally 81 . However, any repopulation of zebrafish microglia has yet to be demonstrated. In addition, several genes found to be enriched in our study, but not in steady-state microglia 12 (Fig. 5 ), may represent orthologues to mammalian genes that may be involved in monocyte to macrophage differentiation (mafbb 82, 83 , runx3 [84] [85] [86] , bhlhe40 87 , bhlhe41 87, 88 ) or macrophage chemoattraction (cd4-1, il16 [89] [90] [91] ), suggesting that retinas collected at the timepoint in this study may contain other macrophage populations. We are unable to distinguish between CNS microglia and other macrophages based on current markers in zebrafish, so other experimental approaches will need to be employed to determine if either of these are the case.
In addition, the dense network of immune cells at the optic nerve head could represent locations of microglia/macrophage function, such as phagocytosis of debris. Although markers of cell death are only minimally detected at 7 dpi following inner retinal ouabain-induced lesion 18 , cellular and/or tissue debris may remain. By 7 dpi, ganglion cell-associated gene expression has mostly recovered 21 and ganglion cell markers indicate axon outgrowth occurs by this timepoint 18 . Microglia/macrophages could be involved in functions related to ganglion cell axon regeneration and re-connection to the onh, which are likely required to restore functional vision. However, the time at which axons reach the optic nerve head has not been determined and has been documented only at 21 dpi 21 . Further, microglia have been shown to prune ganglion cell axons during development in mice 2 , and microglia/macrophages are activated within the vicinity of damage following injury to ganglion cell axons in Table 4 . qPCR validation of selected transcripts found to be depleted in GFP+ compared to GFP− populations. ‡ Not detected: Ct value reported as "undetermined" by the instrument for all samples. § Unreliable: Average Ct value ≥ 34 (indicating single copy levels) and/or Ct value reported as "undetermined" by the instrument for at least 2 of 3 samples. N/A: Not applicable.
www.nature.com/scientificreports www.nature.com/scientificreports/ other systems [92] [93] [94] , although their functions in this context remain unclear 95 . Further work towards understanding microglial function during regeneration will in turn accelerate progress toward applying regenerative strategies to repair damaged or diseased human retina, including reestablishment of ganglion cell axons [96] [97] [98] .
To our knowledge, this is the first work to use RNA sequencing to probe the transcriptome of microglia/ macrophages isolated from CNS tissue engaged in a regenerative state. We provide here a list of hundreds of genes enriched in mpeg1-expressing cells obtained from highly pure cell populations at a key timepoint during active retinal regeneration in zebrafish. We provide strong evidence that this list of transcripts indeed represents the indicated populations in the desired context, although the mpeg1+ may be composed of heterogeneous macrophage cell types (e.g. microglia along with macrophages originating from other sources and/or in distinct phenotypic states). Overall, this dataset provides a novel and exciting resource to the scientific community that will facilitate discovery of microglia/macrophage-specific factors that are crucial to the identity and specification of these immune cell populations (thus potentially leading to identification of better microglia and/or macrophage specific markers) and importantly, identification of factors that function during retinal (and possibly more globally, CNS) regeneration. This dataset will also help to advance our understanding of microglia and macrophage populations in a variety of model organisms.
Our dataset of mpeg1:GFP+ enriched transcripts likely represents genes that specify/identify microglia/macrophage cell lineage and may also include genes that have functional roles during regeneration. Therefore, it is important to identify which of these transcripts are specific to the context of retinal regeneration. Due to the inability to sort sufficient numbers of GFP+ cells from control (undamaged or saline injected) retinas with the number of pooled retinas used in this study 38 , we compared our dataset to Oosterhof et al. (brain microglia 12 , discussed in Results above). Using this strategy, we identified several hundred genes that may be enriched in microglia/macrophages during active regeneration. It is also worth restating that this list was generated using a cut-off of log2FC > 2, therefore the list of candidate "regeneration associated" transcripts likely includes transcripts that are not expressed in microglia in steady-state as well as those that are putatively upregulated in microglia/macrophages in a regenerative context. Although differences in sequencing methods, the identity of the GFP− population, and analysis methods are a caveat of such a comparison across studies, the high number of genes found to be unique to our study, and changes in categories of genes such as those coding for toll-like receptors and v-ATPase subunits, indicates that the transcriptome of mpeg1+ cells in a regenerative tissue environment is significantly different than that of steady-state microglia, and of microglia/macrophages responding to acute neuronal damage. Therefore, this set of "regeneration-associated" transcripts is likely to yield a wealth of opportunity for probing individual candidate genes, and/or cellular pathways, for microglia and/or macrophage-specific functions during retinal (and CNS) regeneration.
Indeed, GO analysis suggests that mpeg1 expressing cells in contexts of active retinal regeneration have specific functions that may involve vacuolar ATPase-coupled transport related to phagocytosis of extracellular substrates. In support of this, live imaging of microglial phagocytosis during zebrafish brain development indicates that v-type ATPases are involved with intracellular vesicle fusion after engulfment of apoptotic neurons 11 and a recent report indicates that microglia sense and ingest stressed neurons 99 . Although it remains to be determined, this dedicated function could be required to clean up cellular corpses and/or debris that arise during Müller Table 5 . Primer sequences used for qPCR.
glia-mediated neuronal regeneration, thus maintaining a tissue microenvironment that is supportive of regeneration. However, levels of cell death at 7 dpi are minimal compared to the initial lesion 18 . It is worth noting that the extent to which zebrafish brain and retinal microglia in any state are transcriptionally similar or different is not known. Therefore, some of these "regeneration-associated" genes could represent differences between these two types of CNS resident microglia (which would provide a starting point for such a comparison), in addition to regeneration-specific transcriptional programs. Thus, any "regeneration associated" candidate genes will need to be carefully analyzed in control conditions in any follow-up studies while also noting that the presence of transcript does not always equate protein expression. It is also worth noting that the nature of differential gene expression analysis may not reveal any transcripts that are equally or non-differentially expressed in both GFP+ and GFP− populations.
Our list of "regeneration-associated" transcripts may also provide a resource to probe similarities and differences between fish and mammalian microglia responding to neuronal degeneration or in contexts of gliosis. This could ultimately assist us in identifying key similarities and differences in immune cell-mediated factors that may impact the outcome of CNS/retinal regeneration. Such analysis will require careful interpretation of orthology between species as such comparisons may indicate orthologous genes based on protein family similarities that may or may not represent precisely shared functions, and the naming/numbering system in fish does not align with that used in mammals. For example, several chemokines and chemokine receptors were enriched in The list of transcripts found to be enriched in mpeg1:GFP+ cells (log2FC > 2) during retinal regeneration (mpeg1:GFP+ regenerating retina, this study) was compared to that published to be enriched in mpeg1:GFP+ cells (log2FC > 2) obtained from steady-state (mpeg1:GFP+ resting brain, Oosterhof et al. 12 ). "Regenerationassociated" transcripts (409 transcripts) are those found to be enriched in this study (with log2FC > 2), but not in mpeg1:GFP+ cells in steady-state brain (with log2FC > 2). (B) GO analysis of the 409 "regenerationassociated" transcripts shows enrichment of indicated categories in Cellular Component, Molecular Function, and Biological Process. P < 0.01 for all categories shown. (C) The list of transcripts found to be enriched in mpeg1:GFP+ cells in this study (again with log2FC > 2) was also compared to transcripts found to be upregulated or downregulated in mpeg1:GFP+ cells isolated from acutely damaged (with log2FC > 2, 2 dpi damage, up or down, (C,D) zebrafish brain (Oosterhof et al. 12 ). Venn diagrams show the number of transcripts unique or shared between the two studies. Collectively, these comparisons indicate that microglia/macrophages adopt a unique transcriptional program in the context of retinal regeneration. dpi = days post injury.
www.nature.com/scientificreports www.nature.com/scientificreports/ zebrafish mpeg1:GFP+ cells in both the Oosterhof et al. 12 and our study. Chemokines and chemokine receptors are included in rapidly evolving gene clusters and have undergone additional diversification in zebrafish 100, 101 . The use of tools to look for orthologues of these chemokine genes in mammals may not provide findings that are simple to interpret, since these chemokines/chemokine receptors may or may not represent well-characterized, and similarly numbered, chemokine genes in mouse or human.
This work has increased our knowledge of the gene expression profile of zebrafish mpeg1+ retinal cells isolated from tissue engaged in regeneration. Since Müller glia, Müller glia-derived progenitors and neurons, and microglia/macrophages appear to be the major, and possibly only, cell types present in tissue regions undergoing regeneration following retinal damage, it is essential to understand the contributions of microglia and macrophages to this process. The associated microglia/macrophage specific transcriptome presented here provides insight to a wealth of candidate genes and cellular pathways towards understanding such contributions and to allow comparative work in other model organisms. This foundational information will allow us to begin work to identify the function of microglia/macrophages during successful retinal/CNS regeneration.
Methods
Animals. Procedures using zebrafish were performed in compliance with protocols approved by the University of Idaho Animal Care and Use Committee (IACUC). Zebrafish (Danio rerio) were maintained on a 14:10 light:dark cycle in 28.5 °C recirculating, monitored system water, housed and propagated according to 102 . The transgenic zebrafish line mpeg1:GFP (gl22 Tg, GFP expressed in microglia/macrophages 13, 49 ) used in these experiments was obtained from the Zebrafish International Resource Center (ZIRC). Fish used in these experiments were of both sexes, age 10-12 months.
Retinal Lesion. Chemical lesioning of zebrafish retinas was performed by intravitreal injection of ouabain (estimated final concentration of 2 µM) in order to destroy inner retinal neurons and spare photoreceptors and Müller glia as reported in 18, 21, 31, 48 . Briefly, a working stock of 40 µM ouabain (ouabain octahydrate, Sigma-Aldrich) was prepared in 0.65% sterile saline (NaCl) solution. Fish were anesthetized by immersion in tricaine solution and an incision was made across the cornea using a sapphire blade. A Hamilton syringe was inserted into the incision, guided behind the lens, and 0.4-0.6 µL of 40 µM ouabain solution was injected into the vitreal chamber. Volume injected was based on diameter of the eye (measured with calipers) and upon calculations based on geometry and volumes of the eye and lens, resulting in an estimated final intraocular concentration of 2 µM 18,103 . Lesions were unilateral; only the right eye was injected. During the procedure, fish were continuously flushed with tricaine solution. Immediately following the procedure, fish were returned to tanks with fresh system water. The right eyes of a separate group of fish were injected with 0.65% sterile saline (NaCl) solution, to serve as controls (same solution was used for saline injections and for preparation of ouabain solution for injection).
For the RNA sequencing experiment, 32 fish were injected in the right eye and upon tissue collection, eight retinas were pooled per sample to create four biological replicates for FACS sorting 38 . To obtain RNA for qRT-PCR confirmation of selected transcripts, 15 fish were injected in the right eye and upon tissue collection, five retinas were pooled/sample to create three biological replicates for FACS sorting. For collection of bulk RNA and tissue processing for retinal cryosections, five control (saline injected) and five ouabain injected fish were used for subsequent analyses.
Tissue Collection and Processing for Retinal Cryosections.
To prepare retinal cryosections, whole eyes were enucleated using fine forceps, transferred to PBS, and the lenses were removed. Eyes were then fixed in phosphate-buffered, 4% paraformaldehyde containing 5% sucrose for 1 hr at room temperature, washed in phosphate-buffered (pH = 7.4) 5% sucrose, and then washed in a graded series ending in 20% sucrose. The following day, tissues were embedded in blocks of a 1:2 solution of OCT embedding medium (Sakura Finetek) and phosphate-buffered, 20% sucrose, and frozen in isobutane, supercooled with liquid N 2 . After freezing solid, tissues were sectioned at 5 micron thickness using a Leica CM3050 cryostat. After overnight desiccation, tissue sections on glass slides were stored at −20 °C until use.
Immunofluorescence. To stain retinal cryosections, tissue sections (5 micron thickness) were blocked in 20% goat serum for 30 minutes at room temperature, incubated in primary antibody overnight, washed in PBST for at least 30 minutes, incubated in secondary antibody for 1 hour, and washed in PBST for at least 30 minutes. Slides were then mounted in Vectashield + DAPI (Vector Labs), covered with a coverslip, and sealed with clear nail polish. Primary antibodies and dilutions used: rabbit polyclonal anti-zebrafish L-plastin 50, 51 (1:10,000, a kind gift of Dr. Michael Redd), rat anti-PCNA (16D10, 1:200, Chromotek), mouse anti-Glutamine Synthetase (1:1000, BD Transduction Laboratories). Secondary antibodies conjugated to Cy3 or Alexa-Fluor647 (Jackson ImmunoResearch) were used at 1:200 dilution.
Microscopy and Image Acquisition. Imaging of fluorescently stained retinal sections was performed with a Nikon Andor spinning disk confocal microscope equipped with a Zyla sCMOS camera running Nikon Elements software. Imaging was performed using a 40X (oil immersion) objective. For stitched images of entire retinal cryosections, images were acquired at 40X magnification using the large stitched images feature in Nikon Elements software and stitched based on DAPI signal. Image processing and analysis was performed using FIJI (ImageJ). To quantify pixel intensity of L-plastin+ signal, a continuous line was drawn, with width covering retinal layers, originating at the optic nerve head (onh) and extending to the peripheral retinal tissue. The "plot profile" feature was used to create a plot of pixel intensity (corresponding to L-plastin+ signal) as a function of distance along the line, originating from the onh.
